Within the Chordopoxvirinae subfamily (poxviruses of vertebrates) of the Poxviridae, Avipoxvirus is the only characterized genus to infect nonmammalian hosts (57, 60) , including more than 60 species of wild birds representing 20 families (60, 97) . Variable restriction enzyme profiles suggest significant genomic differences among avipoxviruses (32, 97, 98) . Crossinfection studies also suggest genetic differences among avipoxviruses, as specific virus-host combinations may not be cross-protective and result in a wide range of pathogenic effects, from absence of clinical disease to generalized infection and death (8, 97) .
Canarypox virus (CNPV) is an avipoxvirus and etiologic agent of canarypox, a disease of birds both in the wild and in commercial aviaries, where significant losses result (15, 16, 33, 45) . Canarypox has been described broadly as the poxviral disease of passeriform (song) birds, efficiently causing disease in passerine hosts compared to galliform (domestic fowl) and columbiform (pigeon) hosts (8, 15, 22, 33) . However, passerine host preferences exist, and current International Committee on Taxonomy of Viruses classification differentiates between CNPV and several other passerine isolates (60, 97) . CNPV produces clinical signs similar to generalized poxviral infections of other birds, including both cutaneous and diptheretic disease forms caused by the prototypical galliform avipoxvirus, fowlpox virus (FWPV), and including proliferative and necrotic changes in epithelial tissues of the dermis, notably around the eyes and commissures of the beak, feet, and respiratory tract (8, 15, 16, 22, 33, 97) . Canarypox, however, is generally associated with higher mortality rates than seen in fowlpox, commonly approaching 100%, and may occur without characteristic skin lesions (8, 15, 22, 33) . Histologically and ultrastructurally, CNPV undergoes morphogenic stages similar to FWPV and other chordopoxviruses (ChPV), causing type A and B intracytoplasmic inclusions in epithelial and mononuclear cells of permissive hosts; however, CNPV may have a broader tissue tropism than FWPV (12, 15, 33, 77) .
CNPV has been successfully used as a host range-restricted mammalian expression vector and is a vaccine vector of increasing importance, with CNPV-based veterinary vaccines commercially available and human vaccines undergoing clinical trials (34, 35, 44, 90) . Licensed and experimental CNPVbased vaccines, most of which utilize the highly attenuated ALVAC strain of CNPV (91) , encode a range of pathogen and tumor-associated antigens, including those from rabies virus, canine distemper virus, feline leukemia virus, human immunodeficiency virus, human cytomegalovirus, hepatitis B and C viruses, Plasmodium falciparum, melanoma, and colorectal cancer (3, 35, 67-69, 90, 91) . Vaccine use takes advantage of the abortive infection that avipoxvirus vectors undergo in mammalian cells while still expressing virally encoded antigens to safely generate cellular, humoral, and protective immune responses (69, 84, (91) (92) (93) (94) . CNPV-based vaccines have proven effective in prime-boost vaccine strategies and as immunoadjuvants through expression of recombinant cytokines and costimulatory proteins (47, (67) (68) (69) 90) . Recent evidence suggests that dendritic cell antigen presentation, maturation, and apoptosis are important in CNPV-generated immunity (24, 41, 55, 59) . Improved understanding of virus-host interactions should yield improved vaccine vectors, as demonstrated by recent incorporation of vaccinia virus (VACV) host response modification genes to create a third-generation CNPV-based vaccine (28, 44) . Current molecular data indicate that CNPV is related to FWPV, a virus for which the genomic sequence has been determined (2, 5) . Features of the 288-kbp FWPV genome included (i) large genomic segments containing replicative genes conserved and syntenic with those of other ChPV, (ii) rearrangement of specific genomic regions relative to other ChPV, (iii) the presence of numerous gene families and novel homologues of cellular genes likely involved in virus-host interaction, viral virulence, and viral host range which account for the large size of the FWPV genome relative to ChPV, and (iv) the location of potential virulence and host range genes both in terminal genomic regions and discrete, variable central genomic regions near the junctions of large genomic rearrangements. While other select avipoxvirus species closely resemble FWPV in restriction fragment patterns and estimated genomic size, the CNPV genome is larger and comparatively divergent (79, 92, 97) . In addition, limited sequence data indicate that while CNPV and FWPV share regions of similar gene order and are likely monophyletic within the Poxviridae, amino acid identity between open reading frame (ORF) homologues (55 to 74%) is comparable to that seen between different ChPV genera (5) . Thus, there are likely to be substantial differences in the genomic elements responsible for virulence and host range differences of CNPV and FWPV.
The rational design of safer and more effective CNPV vaccines and CNPV-based expression vectors will benefit from a more complete understanding of viral genes functioning in viral virulence, pathogenesis, tissue tropism, and immune evasion. Here we present the genomic sequence of a CNPV, comparing it to FWPV and characterizing novel aspects of the genome likely significant for viral virulence and host range.
MATERIALS AND METHODS
Viral DNA isolation, cloning, sequencing, and sequence analysis. CNPV strain Wheatley C93 was obtained from the American Type Culture Collection (ATCC VR-111) (8, 39) . Viral genomic DNA was extracted from CNPV-infected primary chicken embryo fibroblasts derived from specific-pathogen-free eggs (Charles River SPAFAS, North Franklin, Conn.). Random DNA fragments were obtained by incomplete enzymatic digestion with Tsp509I endonuclease (New England Biolabs, Beverly, Mass.), and DNA fragments larger than 1.0 kbp were cloned, used in dideoxy sequencing reactions as previously described, and analyzed on an ABI Prism 3700 automated DNA sequencer (Applied Biosystems, Foster City, Calif.) (2) . Sequence data were assembled with the Phrap and CAP3 software programs (26, 40) , and gaps were closed as described previously (1) . The final DNA consensus sequence represented on average 7.5-fold redundancy at each base position and a Consed estimated error rate of less than 0.01 per 10 kbp (26, 27, 36) .
Sequence analysis was conducted essentially as previously described (1, 2). Briefly, genome DNA composition, structure, repeats, and restriction enzyme patterns were analyzed and ORF maps were created using the GCG version 10 and MacVector version 7.0 software packages, tandem repeats finder, Pipmaker, and EMBOSS (ftp:uk.embnet.org/pub/EMBOSS) programs (9, 20, 80) . ORFs longer than 30 codons were evaluated for coding potential and subjected to homology searches as previously described, with additional searches against the Pfam, TIGRFAMs, and SMART databases (1, 2, 7) . Based on these criteria, at least 328 ORFs were annotated as potential genes. All CNPV ORFs were compared to FWPV genomic sequences, and vice versa, using the tfasta and tfastx programs (70, 71) . Multiple sequences were aligned with ClustalW, and phylogenetic comparisons were done with the PHYLO_WIN software package (30, 95) . Database accession numbers are from GenBank, Swissprotein, or PIR databases unless otherwise noted.
Nucleotide sequence accession number. The CNPV genome sequence has been deposited in GenBank under accession no. AY318871.
RESULTS AND DISCUSSION
Organization of the CNPV genome. The CNPV genome was assembled into a contiguous sequence of 359,853 bp, which is larger than the 330 kbp estimated for highly attenuated CNPV (60, 92) . Because no terminal resolution or hairpin loop sequences were sequenced, the left-most nucleotide of the assembled sequence was arbitrarily designated base number one. The CNPV genome, like FWPV, contains a central genomic region bounded by two identical inverted terminal repeat (ITR) regions. The overall nucleotide composition is 70% AϩT, with localized regions of higher or lower AϩT composition.
Assembled ITRs of CNPV are 6,491 bp each in length and have a lower-than-average AϩT composition (63% AϩT). Each ITR contains six ORFs (CNPV001/328, CNPV002/327, CNPV003/326, CNPV004/325, CNPV005/324, and CNPV006/ 323), and two ORFs (CNPV007 and CNPV322) cross the ITR boundary to share 30 identical amino acids in their carboxyl termini. Notably, CNPV005/324 are likely orthologous to genes in the FWPV ITR, containing a remarkably high level of amino acid identity (86%). The noncoding, most-terminal region of the ITR contains at least 31, 9, and 7 copies of 17-, 41-, and 48-bp tandem repeats, respectively. The CNPV 17-bp tandem repeat (TTACGAGGTAACGAGTG) contains a CGAG (4N)CGAG pattern similar to the 32-bp terminal tandem repeats of FWPV (2) , and it contains additional internal sequence to comprise CNPV 41-and 48-bp repeats. Comparison of predicted restriction fragments with those obtained experimentally indicated that additional sequences of less than 500 bp may be present in each ITR (data not shown).
CNPV contains at least 328 ORFs which have been annotated here as putative genes. These genes represent a 91% coding density and encode proteins of 42 to 1,951 amino acids (Table 1) . A total of 209 CNPV genes were annotated here as putative orthologues of FWPV genes based on amino acid identity, ORF length, and genomic position (Table 1) . Alignment of likely gene orthologues indicated overall genomic synteny between CNPV and FWPV ( Fig. 1) . Exceptions included terminal genomic regions (CNPV001 to CNPV031 and CNPV315 to CNPV328) which have undergone significant rearrangements relative to FWPV; random individual gene insertions, deletions, and replacements relative to FWPV; and internal genomic regions (CNPV142 to CNPV170 and CNPV195 to CNPV237) that are variable and expanded relative to FWPV (Fig. 1) .
Specific central genomic regions of CNPV contain homologues of conserved poxviral genes involved in basic replicative mechanisms, including viral transcription and RNA modification, viral DNA replication, and structure and assembly of intracellular mature virions and extracellular enveloped virions (57) ( Table 1 ; Fig. 1 ). A total of 106 conserved ChPV genes were present in both CNPV and FWPV, sharing on average 70% amino acid identity and all but one differing in length by less than 7% (Table 1) (2) . Between CNPV and FWPV, the most conserved protein was CNPV171 (VLTF-1; 95% amino acid identity to FPV126), while the most divergent were CNPV241 (putative VACV A4L-like virion protein; 33% amino acid identity and 25% shorter) and CNPV174 (VACV L2R-like ORF; 32% amino acid identity) ( Table 1 ). Similar to (11, 81) . Also similar to FWPV, most conserved ChPV genes were present in several large CNPV genomic regions (CNPV069 to CNPV084, CNPV104 to CNPV140, CNPV171 to CNPV194, and CNPV238 to CNPV273) which correspond to the large genomic regions previously noted as rearranged between FWPV and other ChPV (2) . Extensive regions of the CNPV genome contain genes with putative virulence and host range functions similar to those found in FWPV, and they occur predominantly in terminal (CNPV001 to CNPV068 and CNPV274 to CNPV328) and internal (CNPV084 to CNPV103, CNPV141 to CNPV170, and CNPV195 to CNPV237) genomic regions (2) . These include gene families and genes likely involved in viral modification or evasion of host cellular, apoptotic, and immune responses or processes (Table 1) . These regions and types of genes were more variable between CNPV and FWPV in coding content (average of 43% amino acid identity overall, and half of them differing in length by at least 7%), in gene arrangement, and in overall gene complement.
Nucleotide metabolism. CNPV contains a unique complement of genes likely involved in nucleotide metabolism. CNPV encodes, similar to FWPV and other ChPVs, thymidine kinase, dUTPase, and glutaredoxin homologues (2, 5) . CNPV contains two genes (CNPV199 and CNPV213) similar to both deoxycytidine and deoxyguanosine kinases, thus far avipoxvirus-specific nucleotide metabolism genes. While CNPV199 has a potential orthologue in FWPV, CNPV213 is novel. CNPV170 and CNPV236 are homologues of thymidylate kinase and ribonucleotide reductase small subunit genes, homologues of which are absent or heavily disrupted, respectively, in FWPV. This specific complement of CNPV genes suggests optimization of intracellular nucleotide pools different from that of FWPV, likely affecting differences in cell and tissue tropism.
CNPV gene family proteins. CNPV contains an extensive array of gene families (138 genes in 14 gene families) comprising over 49% of the CNPV genome (versus 38% in FWPV). CNPV gene families are similar to those in FWPV, including proteins containing ankyrin repeats and those similar to rabbit fibroma virus N1R and ectromelia virus p28 (N1R/p28), variola virus (strain Bangladesh) B22R, and vaccinia virus C4L and C10L (C4/C10-like) ORFs. CNPV and FWPV contain families unique to avipoxviruses (EFc proteins, HT motif proteins, and CNPV012/CNPV302 similar to FPV221 and FPV229) as well as several families with potential roles in immunomodulation, including transforming growth factor-␤ (TGF-␤), ␤-nerve growth factor (␤-NGF), serine proteinase inhibitor (serpin), C-type lectin-like, CC-chemokine, G-protein coupled CC-chemokine receptor (GPCR), immunoglobulin (Ig) domain, and interleukin 18 (IL-18)-binding protein-like proteins (2) . However, CNPV and FWPV gene families exhibit significant differences, accounting for much of the variability present between these two avipoxvirus genomes.
Ankyrin repeat and N1R/p28-like genes were the most abundant in the CNPV genome (51 and 26 ORFs, or 21 and 6% of the genome, respectively), containing more copies than FWPV 
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(31 and 10 ORFs, or 14 and 3% of the FWPV genome, respectively) in terminal and internal genomic regions. While CNPV ankyrin repeat genes were predominantly located in the terminal genomic regions (41 ORFs in the most-terminal 110 kbp), 10 ankyrin repeat genes and all but one N1R/p28 gene were notably located in or near the internal variable genomic regions (Table 1) . CNPV ankyrin repeat genes ranged in size from 196 to 847 amino acids and had potential FWPV orthologues (syntenic regions) and paralogues (rearranged or expanded regions) that shared from 25 to 79% amino acid identity (average, 37%) and had variable numbers of repeats. Similarly, CNPV N1R/p28-like genes shared 27 to 71% amino acid identity (average, 52%) with FWPV homologues and contained previously described modular domains, including amino-terminal KilA-N (25 genes), bro-C (9 genes), and carboxylterminal RING finger domains (2 genes) (2, 43) . Notably, 18 CNPV N1R/p28-like genes exhibited characteristics suggestive of CNPV160/CNPV228-like gene duplications, including a high degree of similarity to each other and to FPV124 (58% average amino acid identity) (Table 1 ). Thus, CNPV contains an extraordinarily large repertoire of ankyrin repeat and N1R/ p28-like genes, homologues of which function in virulence and host range in other poxviruses (72, 82) . Variola virus B22R-like genes were a prominent feature in CNPV, as these six large ORFs (average of 1,866 amino acids) comprised 9% of the CNPV genome (Table 1) . B22R-like ORFs are relatively well conserved with FWPV orthologues (64% amino acid identity), making the presence of multiple complete copies of these genes in central genomic regions a feature unique to avipoxviruses. As in FWPV, genomic arrangement and phylogenetic analysis suggest that the tandem ORF pairs CNPV124/125 and CNPV154/155 are paralogous. Notably, while all CNPV B22R-like ORFs were present in conserved, ChPV-syntenic genomic regions, four were located in a region unchanged between CNPV and FWPV and two (CNPV154/155) were located in a region further expanded in CNPV (between homologues of VACV G7R and G8R) ( Table  1) .
TGF-␤-and ␤-NGF-like genes represent cellular homologues that are rare (in the case of TGF-␤ [C. L. Afonso et al., unpublished data]) or absent (in the case of ␤-NGF) in other known poxviruses and variable between avipoxviruses. The five CNPV TGF-␤-like genes are potential paralogues of the single FWPV TGF-␤ based on amino acid identity (less than 28%) and genomic location, which along with phylogenetic analysis suggests local gene duplication of CNPV157/158 and CNPV161/162 tandem pairs (data not shown). While two CNPV TGF-␤ genes (CNPV157 and CNPV162) lack aminoterminal domains, all contain conserved carboxyl-terminal cysteine knot domains present in processed TGF-␤-like subunits. Given the homo-or heterodimeric nature of active cellular TGF-␤-like proteins, multiple CNPV ORFs potentially provide a combinatorially complex array of CNPV-encoded proteins active in modulating TGF-␤-mediated host cell proliferation and differentiation, apoptosis, inflammation, or immune responses (23, 56) . Similarly, only one (CNPV099) of the two CNPV ␤-NGF-like genes had a positional FWPV orthologue, while the second (CNPV279) was heavily disrupted in FWPV (Table 1 ). In addition to roles in neuronal development and survival, cellular ␤-NGF affects aspects of inflammation, cytokine production, and apoptosis or cell survival in nonneuronal, immune, and/or virus-infected cells (4, 31, 73, 83, 99) . Given the lack of other known viral ␤-NGF homologues, these genes likely mediate critical virus-host interactions novel for avipoxvirus infections.
Other gene families with potential immunomodulatory functions were variable between CNPV and FWPV. For example, while 78% of CNPV serpin and GPCR genes likely had orthologues in FWPV (averaging 49% amino acid identity), only 32% of CNPV C-type lectin-like, CC-chemokine-like, Ig domain, and IL-18-binding protein-like ORFs likely had orthologues in FWPV (averaging 36% amino acid identity). Four CNPV C-type lectin-like proteins lacking obvious FWPV orthologues were most similar to cellular natural killer (NK) cell receptor-like proteins ( Table 1) . Four of five CNPV CC-chemokine-like proteins resembled FPV060 in length (average of 235 amino acids) and in CC-chemokine-like cysteine patterns (average of 19.5 cysteines). The remaining ORF (CNPV283) resembled the four smaller FWPV CC-chemokine-like ORFs (average of 123 amino acids and 9 cysteines) and contained a single chemokine-like motif. Amino-terminal domains differentiated CNPV Ig domain proteins into the two groups previously identified in FWPV; however, group 1 ORFs (CNPV014, CNPV032, CNPV033, CNPV313, and CNPV320) were located in more-terminal genomic regions and were less conserved with FWPV homologues than were centrally located group 2 ORFs (36 versus 48% average amino acid identity, respectively). Notably, the CNPV032 Ig domain homologue in FWPV is a novel gamma interferon (IFN-␥)-binding protein with variable activity against avian and mammalian IFN-␥ (76). Although three CNPV ORFs (CNPV100, CNPV284, and CNPV289) share cysteine and tryptophan residues present in Ig domains of known cellular and viral IL-18-binding proteins, they are highly divergent from each other and from nonavipoxvirus homologues (20 to 31% amino acid identity), including differences in residues critical for IL-18 binding (63, 101) . Given this variability, immunomodulatory gene families may account for major differences in avipoxvirus virulence and host range, possibly binding and interacting with a diverse range of cellular host-specific substrates. Additionally, such viral genes may provide insight for avian immunoregulatory cytokines, which generally are divergent from mammalian homologues and remain poorly characterized (87) .
Cellular homologues shared between CNPV and FWPV. CNPV encodes numerous cellular homologues for which orthologues are present in FWPV. These include homologues of genes also present in nonavian poxviruses, including hydroxysteroid dehydrogenase, glutathione peroxidase, and a CPDphotolyase whose FWPV homologue mediates photoreactive DNA repair and affects viral infectivity (86) . Homologues of Bcl-2-like apoptosis regulators are present in other viruses, but within the poxviridae they are found only in CNPV (CNPV058) and FWPV. Notably, CNPV and FWPV contain the only known viral homologues of cellular proteins, including ␣-SNAP, PC-1-like alkaline phosphodiesterase, Arabidopsis thaliana Hal3 (AtHal3), GNS1/SUR4, mouse T-10, and two conserved hypothetical proteins (CNPV047 and CNPV097) (2, 51) (Table 1 ). CNPV141 and FPV114 contain potential histidine active-site residues and substrate recognition and binding clamp motifs similar to AtHal3-like flavoproteins, suggesting similar roles in redox-mediated decarboxylation reactions (10, 37) . CNPV068 and FPV048 are similar to cellular SUR4/ ELO3 and GNS1/ELO2/FEN1 proteins, indicating potential roles in long-chain fatty acid elongation (64) . These cellular homologues present only in CNPV and FWPV suggest involvement in novel avipoxvirus-host interactions (2) .
CNPV genes absent in FWPV. CNPV encodes 39 genes for which any homologue is absent from or extensively fragmented in FWPV. In addition to two additional nucleotide metabolism genes, CNPV contains eight ORFs similar to other cellular or viral proteins and 29 unique hypothetical proteins. These CNPV-specific genes likely affect novel aspects of the CNPVhost interaction.
CNPV086 is similar to cellular and poxviral tumor necrosis factor receptor (TNFR) homologues, containing an N-terminal signal sequence and two TNFR-or NGF receptor-like cysteine-rich domains (Prosite signature PS00652). CNPV086 is truncated compared to cellular membrane-bound receptors, lacking carboxyl-terminal transmembrane and cytoplasmic signaling domains. Compared to soluble viral homologues, CNPV086 lacks additional TNFR-or NGF receptor-like domains and/or unique carboxyl-terminal domains. Avian TNFRlike molecules serve as receptors for avian leukosis virus and as cell death receptors (13, 14) . Although homologues of TNF and the majority of TNFR-mediated signaling pathways remain to be identified in birds, CNPV086 may function as a secreted TNFR to interfere with TNF-like activities such as inflammation, apoptosis, and induction of antiviral immunity.
CNPV018 has limited similarity to cellular IL-10, including conserved cysteine residues and residues likely involved in protein structure (29) . CNPV018 may represent a homologue of a currently unidentified avian IL-10, and similar to parapoxvirus and gammaherpesvirus homologues of mammalian IL-10 it may be immunomodulatory (42, 85) . Conversely, CNPV018, like yatapoxvirus and betaherpesvirus IL-10-like proteins, is quite divergent from mammalian IL-10 and diverse members of the IL-10 family and may have a novel biological function.
CNPV096 represents an intact and highly conserved homologue of cellular ubiquitin that is heavily disrupted in FWPV (Table 1) (2) . Cellular ubiquitin affects widely diverse functions, including cell cycle, apoptosis, transcription, DNA repair, inflammation, and surface signaling, by marking proteins for specific intracellular trafficking and degradation (74, 75) . Virally encoded ubiquitin is present in entomopox, pesti, and baculoviruses, and other viruses utilize ubiquitination for affecting viral gene transcription, virion assembly, and immune evasion (18, 25, 88) . CNPV096 may affect one or many diverse ubiquitination-mediated cellular functions to impact CNPV virulence or host range.
CNPV085 is similar to human PIR1, a member of the protein tyrosine phosphatase (PTP) superfamily. PIR1 binds RNA with high affinity, has 5Ј RNA di-and triphosphatase activity, shares similarity to other cellular mRNA capping enzymes, and is thought to have a role in RNA processing apart from capping or splicing (19, 102) . CNPV085 similarity to PIR1 includes the PTP catalytic domain present in the amino terminus. CNPV085 is distinct from conserved poxviral VACV H1L-like dual-specificity PTPs (CNPV183) and capping enzyme triphosphatases (CNPV192), but it has similarity to a PTP-like ORF (AMV246) in Amsacta moorei entomopoxvirus. PIR1-like 5Ј RNA phosphatases are also present along with functional capping enzymes in certain baculoviruses, where they play nonessential but potentially cell-type-specific roles in viral replication (52, 89) . Similarly, CNPV085 may play a novel role in virus-avian host interaction.
CNPV149 is similar to cellular proteins, including thioredoxin-binding protein 2/vitamin D 3 upregulated protein 1 (TBP-2/VDUP-1). CNPV149 is most similar (53% amino acid identity [ Table 1 ]) to a human protein of unknown function and is less similar to known, mammalian TBP-2/VDUP-1 (34% amino acid identity) and divergent metazoan homologues, lacking the carboxyl quarter of cellular homologues. TBP-2/ VDUP-1 binds to and inhibits the reducing activity of thioredoxin, is strongly upregulated during in vitro models of stress, and may play an important role in stress-induced, thioredoxinmediated cellular responses, including proliferation and apoptosis (46, 61, 62, 78) . Conceivably, CNPV149 could have a similar function.
CNPV231 contains a carboxyl-terminal domain similar to those of several cellular and viral proteins involved in regulation of apoptosis and in viral virulence and host range, including cellular myeloid differentiation primary response and growth arrest DNA damage proteins MyD116/Gadd34, African swine fever virus 23NL protein, and herpes simplex virus ICP34.5 protein (53) . In other systems, these conserved and functionally interchangeable carboxyl domains mediate binding to cellular proteins, including protein phosphatase 1, to affect phosphorylation of the ␣ subunit of eukaryotic initiation factor 2, cellular translation, and apoptotic and virulence functions (17, 53) . These features enable ICP34.5 to antagonize dsRNA-dependent protein kinase activity and overcome IFNinduced translational inhibition (58) . Other than CNPV231, the only poxviral gene with this domain is AMV193 of A. moorei entomopoxvirus (6). CNPV231 may provide CNPV an additional means of overcoming host cell antiviral responses.
CNPV153 and CNPV200 are similar to replication-associated (Rep) proteins of avian and mammalian circoviruses and less so to Rep-like proteins of other single-stranded DNA viruses (nanoviruses, geminiviruses, and parvoviruses) ( Table  1) . CNPV153 contains amino-terminal motifs similar to those of Rep proteins and other proteins, including bacterial, involved in initiation of rolling circle replicative mechanisms (50) . These include regions important for binding, cleavage, and ligation within specific double-stranded DNA hairpin loop origin sequences by geminivirus Rep protein during initiation and termination of viral plus-strand replication (65) . The shorter CNPV200 lacks these domains but shares putative NTP-binding P-loop and carboxyl-terminal domains conserved with CNPV153 and circovirus Rep proteins (data not shown). Geminivirus Rep proteins affect viral DNA replication and transcriptional repression, induce accumulation of proliferating cell nuclear antigen and bind cellular replication factor C, and bind the cell cycle-regulatory protein retinoblastoma to affect tissue specificity during infection (49, 54, 66) . Human herpesvirus 6 and rat cytomegalovirus contain homologues of parvovirus Rep proteins, endonucleases or helicases which are also multifunctional in affecting viral replication, viral and cellular transcription, site-specific viral integration into host genomes, and interference of helper-virus replication (21, 96, 100) . To our knowledge, CNPV Rep-like proteins are the first to be identified in a poxvirus and could conceivably affect similar functions in CNPV-infected cells.
CNPV066 and CNPV156 are large, novel ORFs of unknown function located in variable or virulence and host range-related genomic regions ( Fig. 1; Table 1 ). Each ORF is largely comprised of perfect and imperfect tandem repeat motifs, covering the central 80 and 72% of CNPV066 and CNPV156, respectively. Repeats are unique to each ORF, having core nucleotide repeats of 15 to 75 bp and imparting compositional bias to CNPV066 (52% Ser/Asn/Gly) and CNPV156 (47% Glu/Ile/ Gln/Met). CNPV066 contains a putative amino-terminal signal sequence, suggesting its secretion. Notably, CNPV156 contains a 21-amino-acid tandem repeat present at the amino-terminal region of CNPV156 tandem repetition (amino acids 106 to 147) that is perfectly or partially conserved in CNPV097 (conserved hypothetical protein), CNPV208, and CNPV218 (N1R/ p28-like protein) but is absent in FWPV orthologues. These large, repetitive ORFs may impart novel functions to CNPV.
CNPV lacks genes present in FWPV. CNPV lacks homologues of 15 genes present in terminal genomic regions of FWPV (Fig. 1) . Thirteen of these, six of which are located in the FWPV ITRs and overlap larger genes, encode hypothetical proteins of small size (average, 86 amino acids) which may or may not be expressed. Notably, CNPV also lacks homologues of FPV217 and FPV250, ORFs similar to those from insect baculoviruses and from avian herpesviruses and adenoviruses, respectively, and possibly affecting virulence and host range functions in FWPV (2) . CNPV lacks sequences similar to the reticuloendotheliosis virus long terminal repeat, confirming previous PCR analysis of CNPV which suggested a lack of the reticuloendotheliosis virus integration found in various strains of FWPV (38, 48) .
CNPV relationship to avipoxviruses. The CNPV C93 strain is very similar to limited available sequences of other CNPV strains. This includes 98% nucleotide and 91 to 100% amino acid identity with strain Tokyo CG-2 in the TK region (5) and up to 99% local nucleotide identity with patented CNPV sequences, suggesting a relatively conserved genotype for isolates causing canarypox and supporting the species designation for CNPV.
As described above, CNPV is most closely related to FWPV, having overall syntenic genomic arrangement and similar gene complements. These genomic data and the phylogenetic analysis of individual ORFs support a monophyletic origin of the two avipoxviruses relative to other ChPV (reference 5 and data not shown). CNPV and FWPV exhibit significant differences in variable genomic regions and between orthologous ORFs, suggesting divergence comparable to that seen between other ChPV genera. This level of divergence also suggests that considerable genomic diversity may exist within the avipoxvirus genera, consistent with both the breadth of potential host species within the class Aves and differences in host range, crossprotection, and restriction patterns among avipoxvirus isolates (8, 33, 79, 97, 98) . Genomic sequencing of additional avipoxvirus isolates should clarify this issue.
Notably, internal genomic regions exhibit considerable variability between CNPV and FWPV, contrasting the overall synteny and conservation observed among central genomic regions of other ChPV. These internal variable regions correspond to regions identified in FWPV as located near junctions of major genome rearrangement relative to other ChPV and containing genes likely involved in virus-host interaction ( Fig. 1) (2) . The high level of variability between CNPV and FWPV near these internal junction regions suggests that changes continued to accrue there after the genomic rearrangement of avipoxviruses relative to other ChPV. Given the conservation between central genomic regions of other ChPV, the extent of this avipoxvirus central region variability is intriguing and conceivably reflects either increased selective pressures on the potential virulence and host range genes in these regions or unique aspects of avipoxvirus genome replication.
Features of the CNPV genome suggest both genomic expansion in CNPV and reduction in FWPV. CNPV contains many genes that are shorter, disrupted, or fragmented in FWPV. This includes in CNPV 19 genes longer (Ͼ10%) than potential FWPV orthologues and 7 genes extensively fragmented in FWPV, 5 of which are nonoverlapping ORFs with putative function (Table 1 ). In comparison, eight FWPV genes are longer than potential CNPV orthologues and four are fragmented in CNPV; however, these four are largely overlapping and likely represent minor ORFs annotated in FWPV. This discrepancy suggests that FWPV reflects genomic reduction from a more CNPV-like ancestor, assuming that obvious gene degradation indicates a more derived virus. Conversely, CNPV contains relative to FWPV additional, potentially duplicated family genes (N1R/p28 and TGF-␤ genes between CNPV157 and CNPV169 and between CNPV217 and CNPV228) and genes present in regions syntenic between FWPV and other ChPV (CNPV072, CNPV073, CNPV079, CNPV081, and CNPV185), features suggestive of genomic expansion relative to FWPV and potential ancestors. Alternatively, expanded gene family regions may be ancestral and lost in FWPV. These genomic tendencies could conceivably reflect adaptation of CNPV and FWPV to broader and more-restricted host range potentials, respectively.
Conclusions. The CNPV genome provides new insight as to avipoxviral genomics and diversity. Analysis revealed the coding capacity of the largest poxviral genome currently sequenced, with much novel sequence and genes comprised of extensive gene families and homologues of cellular genes. Such genes, especially those conserved phylogenetically, are potentially significant in the interaction of CNPV with avian or nonavian hosts and may prove suitable targets for modification in engineering improved CNPV-based vaccines. Major genomic differences between CNPV and FWPV indicate a relatively distant relationship and suggest that, although monophyletic, avipoxviruses may exhibit diversity commensurate with a broad range of avian hosts.
